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ABSTRACT

The major cbjective: of this study was to establish improved
design analysis procedures for the design of dual rail and monorail rocket
sleds. The work included reviewing and eveluating past analytical studies
of rocket sleds and experimental test data for two dual rail and two mono-
rail sleds. Studies were undertsken to identify the major sources of dy-
namic excitation of rocket sleds. Three major sources of dynamic excita-
tion were identified; rail roughness, unsteady aerodynamic forces and
oscillating axial and lateral rocket thrust forces. Rail roughness was
found to be the prime source of dynamic excitation during the coast portion
of the rocket sled trajectory. During the thrust stage of the trajectory,
and especially at burnout, oscillating axial and lateral thrust forces were
found to produce sled dynamic loads which were the same order of magnituds
as those produced by rail roughness.

The analytical work performed in this study concentraeted on
predicting the dynamic response of sleds due to rail roughness. Acceptabl:
correlation between analytical and test results were obtained during coas'.
Lack of experimental data on unsteady aerodynamic forces and oscillating
thrust forcas precluded performing comprehensive analytical evaluation of
these excitation sources., However, the magnitude of their effects *.:re
quantified and scale factors were established to account for their contri-
bution to sled dynamic response during thrust and burnout.

The objectives of the study were accomplished. New design
analysis procedures for dual rall sleds and monorail sleds were developed.
However, more experimental data is required to verify the accuracy of these
procedures, over the wide range of sled configurations and trajectories for
which they are intended to be applicable.
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SECTION I

INTRODUCTION AND SUMMARY

1.1 Background

The proper design of high speed dual rail and monorail sleds
requires an understanding of the forces acting or the sled due to thrust,
aerodynamics, braking and sled/track dynamic interaction. The quasi-steady-
state thrust, aerodynamic and braving forces are fairly well-known and can
normally be calculated, However, determination of the dynamic transient
forces is much more indefinite. The major sources of sled dynamic excita-
tion are rail roughness, oscillating aerodynamics and oscillating axial and
lateral thrust forces, Each of these sources may induce large dynamic
response of the sled, The problem is complicated by the gap between slip-
pers and the rail which makes analytical methods nonlinear.

Prior to the present work, the only accepted published design
analysis methods for high speed dual and monorail sleds were contained
within the ISTRACON Handbook (1). This handbook contains procedures for
applying quasi-steady-state aerodynamic, thrust and braking force to sled
designs and also M (g-load) factors. The A factors are intended to account
for rail roughness induced dynamic behavior but are far from adequate and
needed to ve improved. For example, they do not account for the dynamic
properties of the sled such as inertia, stiffness and demping. Furthernore,
these accelerations are assumed to be constant over the sled length, and
hence, do not account for variations in maximum accelerations encountered by
the various components of the sled. Consequently, the calculated internal
forces in the sled could be far from those actually experienced in test,
Despite these shortcomings, there is one fact that cannot he denied. Over
the years a great many sleds have been designed, built and successfully run
on the Holloman test track. Evidently, the loads to which they were
designed were equal to or greater than those imposed by the environment.
Nonetheless, it is importsnt that the dynamic behavior of high speed sleds
be better understood in order to improve the performance and reliability of
future sleds,

1.2 Purpose and Scope

The purpose of this program was to evaeluate current design anal-
ysis practice for high speed sleds, and in light of available test data, to
establish new procedures for a wide range of monorail and dual rail sled
configurations. More specifically, the objectives were to:

e Review prior analytical work and theories concerning the
dynamie behavior of high speed sleds

® Review availsble high speed sled test data for both mono-
rall and dual rail sleds
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e Investigate the major theories concerning sled/track dynamic
interaction and attempt to determine the importance of rail
roughness, aerodynamic and thrust oscillating loeds and
aerodynamic feedback on transient dynamic response of rocket
sleds

e Evaluate the effects of sled paiameters, such as mass,
stiffness, geometry, etc., on the magnitude of dynamic sled
forces

® Determine if simplified analysis techniques for the design
of rocket sleds could be obtained, and, if so, to establish
these design/analysis procedures for a wide range of sled
configuratioas

1.3 Approach and Summary of Results

To accomplish the program objectives the following major tasks

were undertaken:
\

@ Literature survey and review of existing sled test data

® Development of nonlinear analytical methods for predicting
dynamic response of rocket sleds and correlaiion of analyti-
cal results and test data

@ Development of decign analysis procedures for dual rail and
monorail sleds

1.3.1 Literature Survey and Review of Existing Sled Test . .ita
A review of the existing literature revealed thrce plausible
theories as to why sleds experience large dynamic accelerations., In addi-

tion, a fourth theory based on a review of test data was aided. The Tour
theories are classified as follows:

® Rail roughness

® Unsteady aerodynamic forces

e Aerodynamic feedback (aeroelasticity)
® Oscillating axial and lateral thrust

Rail Roughness

Mixon (2) presents a rather extensive investigation of sled
dynamic response to rail roughness for monorail sleds, and contributes sig-
nificantly to an understanding of this phenomenon. No other source of
dynamic excitation was considered., I'ixon predicted the vertical and lateral
response of a sled to rail roughness using a nonlinear model, His sled
model is a rigid body supported by massless linear springs and dampers, A
rail roughness forcing function was introduced by modulating the nominal
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slipper gap with the rail displacement distance profile., Quasi-steady-state
aerodynamic forces were also introduced. Fair correlation was obtained be-
tween measured and predicted peak slipper forces in the vertical direction,
although significant differences occurred in the lateral direction. How-
ever, test data from only one monorail sled was examined (the instrumented
monorail) and this sled did not have any on-board thrusting motorc. The
present investigation showed that on-board thrusting motors had a signifi-
cant effect cn the dynamic response of sleds, especially around burnout.

Fisher, et al (3), and Oliver, et al (4), also considered rail
roughness as the only source of excitation for both dual and monorail sleds.
However, both references deal only with soft suspension system in which the
slipper gap is assumed to be unimportant., This assumption is fairly good
for dual rail sleds which have natural frequencies in the 20 Hz range, but
not monorail sleds whose frequenclies are usually in the 150 to 250 Hz range.
Moreover, our investigation of soft suspension dual rail sleds showed that
the effects of oscillating aerodynamic forces in the transonic range and on-
board thrusting motors produced the same order of magnitude dynamic loads as
rail roughness,

nsteady Aerodynamic Forces

The review of available sled test data was hindered by a lack of
information on unsteady aerodynamic pressure forces. One theory is that
they are caused by separated flow being shed by protrusions from the sled
body or behind corners such as the cone-cylinder junctions. This type of
excitation showld be random except for perhaps a periodic disturbance tn the
flow, such as passing of rail supports. Hasse (5) points out that sound
pressure measurements on top of the sled reveal such a pericdic disturbance.

Another explanation is based on choining effects under the for-
ward part of the sled, Some nferences were drawn about this mechanism
during this study. A dual rail sled showed increased response levels as it
accelerated through the transonic velocity range. The nature of the re-
sponse strongly suggests that tie exciting force was acting at the forward
end of the sled. Such response was not observed during deceleration through
the same velocities nor was it observed at any time for monorail sleds,

Assessnent of the precise nature of unsteady aerodynamic excita-
tion will require pressure measurements which have not yet been made.

Aerodynamic Feedback (Aeroelasticity)

Another possible source of excitation for which no experimental
data are available is aerodynamic forces which depend on the s’=d's angle-
of-atteck and/or angular rate. Braun and Melkus (6) performed a study on a
large sled where they included linear aerodynamics and gaps at the slippers.
They obtained a limit cycle type behavior for all the studied combinations
of parameters, although it is not clear what was driving the motion. De-
spite a positive static margin (cp behind cg) and positive damping, both of
which out to be stabilizing, the results showed unstable behavior.
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McIntyre's work (7) is a linear analysis leading to flutter
envelopes depending on velocity and supporting spring characteristics. This
approach probably is not useful for explaining the monorail data because
there 1= 1o experimental evicence of the precipitous sort of response that
characterizes flutter,

Neither Mixon nor the present study considered aerodynamic feed-
back in the analytical investigation. Yet, both studies achieved acceptable
correlation during the coast phase of the trajectory. Thus, we believe that
aerodynamic feedback is not an important phenomenon for high speed sleds,
most likely because of the relatively small variations in angle-of-attack.

Oscillating Axiel and Lateral Thrust Loads

The review of test data showed significantly higher slipper
dynamic loads during thrust and at motor burnout than during the coast phase
of the trajectory. Apparently, motor thrust loads are dynamically exciting
the sled. To analytically predict this phenomenon would require experimen-
tal data on the oscillating thrust characteristices »f the on-board motors.
Little of this type of data was avallable for the motors used on the test
sleds. Therefore, it was not possible to fully assess this potential source
of excitation, However, one liquid motor and the dynamic responses it
caused were investigated to the point of thorough understanding.

1.3.2 Development of Analytical Methods of Analysis

Upon completion of the literature survey and review of test
data, an analytical investigation of the dynamic behavior of sleds was
undertaken. This study was primarily concerned with predicting the dynamic
response of sleds to rail roughness and correlating these results with test
data. It was felt that acceptable correlation during the coast phase of the
trajectory could be obtained since unsteady aerodynamics and oscillating
thrust loads are unimportant during coast. It was also felt that if accept-
able correlation during coast could be obtained, the analytical methods
could serve as a basis for establishing sled design procedures with scale
factors to account for unsteady aerodynamics and oscillating thrust forces,
since snalytical models were not available for either mechanism. Ansalytical
investigation of the latter two excitation sources required experimental
data on the magnitude and nature of these sources; these data were not
available.

The analytical method developed under this task included a non-
linear dynamic simulation computer program (SLEDYNE) which considers the
flexibility of the sled and the gap between slipper and rail. This program
calculates the dynamic behavior of the sled as it bounces along the rough
rail, A deterministic approach is used with a randomly generated rail pro-
file of the Holloman track. The latter is based upon a limited amount of
measured track data., The results of this study did indeed show good corre-
lation during the coast phase of the trajectory for both monorail and dual
rail sleds.
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Upon completion of this study, simplified analysis techniques
for high speed sleds were investigated. The results of this study led to
the establishment of a design procedure for dual rail and mororail sleds
which could be used in preliminrry design.

1.3.3 Development of Design Analysis Procedure for Dual Rail and
Monorail Sleds

The final task of the program was to develop design anzlysis
procedures which could be used for a wide range of sled designs. By neces-
sity, the procedures established were to a large extent based upon esti-
mates, assumptions and judgements., It is hoped that further experimental
and analytical work will be performed to verify these proposed design anal-
ysis procedures. The development design analysis methods separate the
quasi-steady-stat: loads from the dynamic loads. Dynamic loads are those
inertia lcads acsociated with bouncing and pitching in the vertical and
lateral planes. The proposed dynamic analysis procedures depart signifi-
cantly from current design procedures and tal.: into consideration many of

the parameters (i.e., stiffness, inertia, geometry) which the current design
procedures ignore (1).

Preliminary and final design procedures are presented in Section
6.0 of this report for both dual rail and monorail sleds. These procedures
were developed by correlating analytical resulis with a limited amount of
test results., Since the analytical effort of this study considered only
rail roughness, 1t was necessary to adjust these results with scale factors
to account for the other sources of dynamic excitation. The methods used
involved matching analytical peak slipper force prediction with available
test data. Only a small amount of test data was avallable for this study.
The proposed procedures should be used with caution until more data are
obtained, especially with sleds of unusual configuration or trajectories.

It is hoped that the proposed design analysis procedures will
provide a rational base which can be easil, refined and expanded to new sled

configurations and trajectories as more experimental and analytical work ic
performed.
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SECTION II

INTERPRETATION OF SLED TEST DATA

2.1 Background

The plan at the outset of the study was to devote the early
period to interpretatio and evaluation of the data, and then based on the
results, to formulate the design criteria. Interpretation of the test track
data proved to be a more elusive tagk than originally anticipated. This was
due to two fundamental difficulties which plagued the work throughout this
study: 1lack of information about the nature of the sources of excitation
and limited data on the response of sleds to the sources,

Interpretation of the test track data requires first that possi-
ble scurces of excitation be identified and then that response of sleds to
those sources be characterized. This is necessary so thal features such as
point of onset in the trajectory, amplitude, frequency, and phase of re-
sponse may be correlated between flight data and what would be expected from
postulated excitation sources. The difficulties in characteri:z ‘ng the exci-

tation sources were the following:

® Rail roughness was considered the principal candidate as an
excitation source, The available data consisted of 44O mea-
surements made over a 400 foot section of one rail of the
Holloman test track. These were measurements of the height
of the center of the rail. There was no information on hor-
izontal roughness, on roughness of the underside of the rail
where almost all sleds are supported during tir: high veloc-
ity phases of their runs, or of other sections . the track
which may or may not have the same roughnesc cuaracteristic,

® Oscillating aerodynamic loads were cunsidercd another likely
source of sled excitation, It is known thal in the tran-
sonic velocity range aerodynamic choking occurs under the
forward part of sleds. The pressure fields are high and
unstable, anj the resulting oscillations could intuitively
be expected to induce large dynamic loads. Buffeting could
also be a significant source, There are, however, no direct
data to establish either the existence or the magnitude of

any aerodynamic forcing functions.

o large sleas, weighing over 15,000 or 20,000 pounds, exert
high loads on the track bed. Loads of such magnitude, mov-
ind down the track and oscillating, could reasonably be ex-
pected to excite the ''beam on an elastic foundation" type
of response in the track bed. There is, however, no infor-
mation on the dynamic characteristic of the track bed, only
a static measurement indicating the foundation stiffness --
nothing from which the crucial added mass term can be esti-

mated,

- ""‘"'M"‘j

Ym e Dy

- ——

e e A

- ————a




® It is known that high dynamic loads are experienced during
engine ignition and burnout. It is likely that they are
caused by engine transients, but there is little information
which can be used to characterize amplitude or frequency
content of thrust transients, either axial or lateral, for
the variety of engines used at the track.

The aveilable test track data consist almost entirely of strain
gage measurement taken from slipper support ctructure. For monorail sleds
there are data on vertical and ho:izontal forces and for dual rail sleds,
vertical forces only. During the performance of this study, time~history
records of these data were available for two dual rail sleds and two mono-
rail sleds. There was also some power spectral density information from two
other dual rail sleds,

Despite the lack of gquantitative test data, there is one fact
which cannot be ignored, Over the years a great many sleds have been de-
signed, built, and operated on the Holloman test track. With rare excep-
tions, they have survived the environment and in many cases have been used
numerous times. Evidently, the loads to which they have been designed have
been greater than those imposed by the envircnment.

In the following sections some observations are made, and cer-
tain generalizations are postulated. It is recognived, of course, that gen-
eralizations drawn from such extremely limi“ed data will be suspect. It is
hoped here not that the generalizations will be conclusive, but that the
method of treating the deta will serve as a guideline for future observation
of additional data, leading to betier understanding of the phenomena.

2.2 Dual Rail Sleds

2.2.1 Single Mod Sled

Time history tesi track data was analyzed for two runs of the
Single Mod sled, 24X-Cl and 24X-D1, The Single Mod sled at burnout weighs
9400 pounds and has a span of' 20 feet between the slipper beams. On the Cl1
and D1 runs it pushed a 3,140 pcund forebody to 1860 fps, and a 000 pound
forebody to 1762 fps, respectively. Its first two modes of vibration in the
vertical plane have frequencies of 20.2 cps and 27.6 cps.

Engine Burioul

Fipgure 2.1 shows the time history of slipper force:s at engine
burnout for the D1 Single Mod run. During the D1, D1 aud B4 (for which a
small amount of data was available), the highest forces felt in the aft
slipper beam were experienced at engine burnout. The highest forcz observed
on any of the three runs was seen on the rear port slipper in the D1 run.
The dynamic half-amplitude reached 19,600 pounds at 8.1 second:.

The apparent natural frequency of several of the hich amplitude
oscillations has been indicated on Figure 2,1. The graph of Figure 2.2
gives the ratio of apparent to natural frequency as a function of the peak
force of oscillation. This factor accounts for the nonlinear gap effect
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which lowers the apparent natural frequency. When the observed frequencies
of several of the high amplitude cycles are adjusted by this correctior
factor, depending on the amplitude of the oscillation, the sled is found to
be vibrating in its 20 cps first mode.

An 84 dof finite element model was constructed for the Single
Mod sled, It was used for a frequency response analysis. Figure 2.3 shows
the dynamic force in a single slipper resulting from a vertical 1,000 pound
sinusoidal force acting at the engine mount of the Single Mod sled. It is
seen that each aft slipper would feel 4.6 times the force applied vertically
at the engine mount., Hence, a few percent of the nominal 15,000 pound
thrust acting vertically and in the frequency range 13 to 17 cps could be
expected to cause a major portion of the l.ads observed. In fact, the AJ6O
engine used on the Single Mod sled is kmown to develop nozzle flow insta-
bilities during engine shutdown and associated lateral forces with charac-
teristic frequencies in this range. This was verified by telephone conver-
sations with personnel at the Aerojet General Corporation in Sacramento.

Aerodynamic Oscillating Loads

It was observed from the test data of both the Cl and D1 Single
Mod runs that dynamic amplification, especielly in the forward slippers,
occurred in the transonic speed range. Figure 2.4 shows the typical sample
at 4.0 seconds in the C1 run where the velocity was 950 fps. The front
port slipper experienced a peak dynamic load of over 15,000 lbs. The appar~
ent frequency is 20.4 cps and it is observed that the forward and aft
slipper beams are out of phase. The natural fregusucy, as calculated with
the factor from Figure 2.2, is slightly over 26 cps. Figure 2.5 shows the
results of a frequency analysis done on the same finive-elem:nt model de-
scribed in the previous section. In this case, an oscillatory force was
applied to the sled at the station of the forward slipper beam, Peak ampli-
fication is for the forward slipper beam at 27.6 cps, and it shows that the
forward and aft slippers are out of phase. The disparity in frequency
between the flight and the analytical data may be attributed to the addi-
tional weight of unburned propellant which was on-board at 4 seconds.

Loads During Coast

Figure 2.6 shows a typical sarple of flight data from the D1 run
after engine burnout. The velocity was about 1500 fps. Peak dynamic loads
reach about 10,000 pounds for the aft slippers and 9,000 pounds for the for-
ward slippers. No particular amplification is observed for either of the Cl
or D1 sleds in the transonic region during deceleration.

2.2.2 Gnu Sled (6208)

The 6208 sled nicknamed Gnu is boosted to 90C {ps and acceler-
ates under its own power to 2,000 fps. It uses several JAV-l engines and
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weighs 3,180 pounds at burnout. It measures 140 inches between slipper
beams, and like the Single Mod sled, has a low cg, barely more than a foot
above the rail head.

Figure 2.7 shows what flight data are 'available. The numbers
noted alongside the force history plots are values of dynamic half-amplitude
force in each slipper. Front slippers see peaks of about 5,100 pounds dur-
ing engine burnout and 4,000 pounds during coast. Forces in the aft slipper
are higher, with peaks going as high as 7,000 pounds during engine burnout
and 5,100 pounds during coast. Because there is an engine ignition occurr-
ing during passage through the transonic regime, just before three seconds,
no conclusion can be drawn about the effect of oscillating aerodynamic
locads.

2+2.3 Summary of Conclusions From Dual Rail Test Data

From the foregoing observations, a few very tentative conclu-
sions may be drawn.

® Sources of excitation for dual rail sleds include at least
oscillating aerodynamics, engine transients, and rail rough-
ness, For une sled with solid propellant motors (Gau),
engine termination loads were about 40% greater than the
rail roughness liads, For another sled with a liquid en-
gine, engine termination loads were 100% greater than rail
roughness loads,

® Iateral loads were not measured directly. For the Single
Mod sled it was possible to observe the phase relationship
between the forces in the two forward and in the two aft
slippers. At no point was there a significant difference
in those forces which would be necessary if there were large
roll response of the sled. Of course, the sled cg is so low
(15 inches) that even large lateral forces might not induce
significant roll response.

® More or less fortuitously, a parameter was found that tends
toward a straigh} line correlation with test results. The
Sled IMpact Parameter (SIMP) involves only mass and stiff-
ness properties of the sled*, In Figure 2.8a peak dynamic
sllipper beam loads are plotted against SIMP, Measured peak
dynamic slipper forces have been doubled and are now called
peak dynamic slipper beam forces. Peak values during coast
are differentiated from absolute maximea measured during
engine burnout or transonic. The ratio between peak dynamic
and coast loads is the basis for amplification factors which
have been established for design load predictions. This is
discussed in Chapter 5.0,

J‘See Appendix IIT for discussion of SIMP,
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A pair of points for the Weasel sled has been added to the
data discussed previously in this section. No time history
data for the Weasel were seen, but these two points were
inferred from the Beta factor curve, Figure 29 of Reference
(8). It is not certain that the points are from forward and
aft slipper beams as assumed.

o Iater in the study, & further and more startling observation
was made., Measured coast loads, i.e., peak slipper beam dy-
namic forces measured during coast, and SLEDYNE results were
plotted against slipper beam stiffness. Figure 2.8b shows
that the data tend toward a straight line, This means that
the dynamic response to rail roughness excitation tends to
be of constant displacement, the values varying between .070
inch and .130 inch,

2.3 Monorail Sleds

By comperison with dual rail sleds, monorail sleds are lighter,
faster, traveling at least twice the speed, and perhaps most importantly
from the structural dynamics viewpoint, a great deal stiffer. Whereas the
slippers of dual rail sleds are in contact with the rails most of the time,
monorail sleds spend most of their time flying in the gap. Contacts with
the rail are brief and severe impacts. Painted track data indicaved that
they usually occur at the corners of the rail head. The implication is that
while the monorail sled is bouncing it is also rolling from side uo side,

Test data for the two monorail sleds described in this seetion
were taken from & cpecially developed transducer instrumented with strain
gages., The strain gages were installed so as to measure two —urtical
forces, one on each side, lateral force and roll moment. The p ocedure used
is described in Section 2.0 of Reference (2). Installation of the trans-
ducer in the monorail sled is illustrated in Figure 2.9.

2.3.1 Modular Monorail

The Modular Monorail sled shown in Figure 2,10 weighs 616 pounds
and mearures 62.2 inches between its slippers. In the 53X-B2 test, the mod-
ular monorail reached a velocity of 3500 fps. It was in that test that
force data were taken from a transducer, similar to the one illustrated in
the Figure of 2.9, mounted above the front slipper. Some of the results of
the vertical force measurements are shown ii. Table I, Each value is & peak
dynamic load (the quasi-steady load had been removed) experienced during the
indicated tenth second interval. Several observations may be made:

o There is a great deal of scatter in the data. Even though
the sled is covering approximately 300 feet in each .1 sec-
ond interval, the peak forces vary by as much as 100 percent
from one interval to the next,

e With the motor on, loads are about 40 percent higher than at
the same velocity with motor off (coast).
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Table 1

MODULAR MONORAIL

53X - B2

VERTICAL FRONT SLIPPER FORCE

Time

Interval Dynamic Fbxue*

(sec)

Peak
(1bs)

Period

vavg

(ft/sec)

Average
Peak Force
(1bs)
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18,740
23,890
20,410
22,390
21,110
15,160
30,850
33,800
31,180
25,810
34,730
24,
26,000
23,870
k2,570
37,
16,91
27,740
12,090
21,940
20,370
22,%5
17,680
19,750
31,260
16,710
12’6%
24,060

22,
17,300
17,410
11,890
19,930
9,110

Motor On

Motor On

Motor
Burnout

Coast

Coast

2,300

3,150

3,450

3,150

2,300

22,123

28,590

30,800

20,290

16,360

*Quasi-steady force has been removed.
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e loads are sensitive to velocity or at least to the variation
in 11ft which is associated with velocity. The steady-state
force on the front slipper at 2,300 fps was about 1,000
pounds upward, while at 3,150 fps it was about 2,200 pounds.

® Whatever happens when the motor burns out (the Modular Mono-
rail used a Genie motor), it gives the sled a rough ride.
The peak dynamic load of 42,570 pounds was experienced at
burnout.

Figure 2.1l gives a rougn idea of the sensitivity of loads to
veloclity & 1 the relative magnitude of the peak load which occurred at burn-
out. Figure 2.12, showing a section of the Modular Monorail test data dur-
ing the hurnout phase, illustrates the nature of the phenomenon.

2.3.2 Instrumented Monorail

The Instrumented Monorail is a foret dy, i.e., it has no on-
board propulsion. It weighs 140 pounds and is 4u inches between slippers.
Figure 2,13 shows it in its spike test configuration with its pusher.

Force transducers of the type shown in Figure 2.9 were mounted
above the fore and aft slippers of the Instrumented Monorail.

Considerable data were taken from numerous Instrumented Monorail
tests. These data are presented in Reference (2) as graphs of peak load
versus Mach numbar. Front and aft vertical and lateral force data are re-
produced from Reference (2) in Figure 2,14, It is explained in the refer-
ence that two peaks were taken from each quarter Mach nunmber range of the
test data., It was assumed that these data were extracted from both the
boosted and coast phases of the tests, A few sets of time history data were
available from the WiX-E2 test. They indicated that loads were no higher
during boost phase than during coast.

2.3.3 Summary of Conclusions from Monorail Test Data

Despite the limited amount of data available, it seems safe to
conclude that the principal source of monorail sled excitation is rail
roughness. The stiff, high speed monorail sleds collide with the vertical
and lateral "hills" of the test track and are subjected to forces equaling
more then 150 times their weight. There is a strong correlation between
steady~-state 1ift and the amplitude of tne impacts. An or-board thriuster
gseems to increase dynamic load factors, especially at engine burnout.
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SECTION III

FORMULATION OF MATHEMATICAL MODELS

3.1 Nonlinear Dynamic Simulation of Dual and Monorail Sleds

Structural design analysis of sleds for the Holloman track has
already become dependent upon the use of powerful finite-element computer
programs, Statistical methods and quasi-steady multiple g loadings (lambda
factors (1, 2)) have been used to simulate the dynamic loading conditions
experienced by test sleds. The desideratum in the current study was a
computerized method for directly determining the intertial load distribution
associated with test sled dynamic response. Most up-to-date finite-element
programs include dynamic response capability, ofter by the modal method
wherein the dynamic response of even very large, complex structures can be
analyzed by the solution of decoupled single-degree-of-freedom equations.
These methods, however, are all linear and preclude the inclusion of char-
acteristics such as the slipper gap.

3.1.1 Nonlinear Structural Response Theory

The bouncing high speed sled is not the only instance of a com-
plex structural system subjected to rapidly changing boundary conditions.
Recontact during staging of large launch vehicles has been studied exten-
sively over the years in the aerospace industry. In that case, the modal
method is used, but three sets of structural modes are employed: one for
the joined stages, and one each for the separated stages. Each time contact
or separation occurs, the equations are switched, one set of modes Yo an-
other, and reinitialization must be carried out. If this method were used
in the dynamic response analysis of sleds, at least four sets of modes would
be used: one set associates with each combination of forward and aft slipper
contact condition, i.e., fixed-fixed, free-fixed, fixed-free, and free-free.
This is obviously not a practical approach.

A method has been developed which permits the continuocus inte-
gration of one set of modal functions. The disadvantage 1s that the equa-
tions are no longer decoupled as in the classical modal approach, and hence,
they must be integrated in time, This is not a great expense, however,
becauge 1t has been found that & relatively limited number of modes suffices
to give good distribution of inertial loads.

The method has been programmed for solution on the Control Data
Corporation (CDC) 6600. The program, called SLEDYNE, is described in Sec-
tion 3.1.2 and Appendix II. The user's manual is Appendix I.

Assumptions

The detailed development of the equations of motion is presented
in Appendix II. The following discussion explains the important assumptions
inherent in the equations., It is intended to give the user of SLEDYNE the
insight he needs for intelligent use of the program.

28

P



The simulation is of pitch ail bounce motion only. The equa-
tions do not include roll, yaw, lateral translation, or downtrack transla-
tion. Degrees of treedom beyond rigid body pitch and bounce modes account

for dynamic structural response of the sled structure via its vibration
modes,

One assumption characterizes the method and must be understood
for appropriate use of SLEDYNE. The theory is based on the premise that it
is possible to isolate two portions of the sled structure and call those the
slipper stiffnesses. The stiffnesses transmit vertical forces only from the
track to the remainder of the sled structure (when the slippers are in con-
tact with the rail). Motion of the remainder of the sled, called the sled
body, 1s defined in terms of a set of normal modes of vibration. These
modes are computed for the sled body where the points of attachment of the
slipper stiffnesses are rettrained against displacement. This method, if
properly employed, does not eliminate any essential behavior of the struc-
ture, Whatever stiffness is isolated out of the sled body by the restraints
is included in the slipper stiffness, and vice versa.,

Calculation of Slipper Stiffness

The practical problem of isolating the slipper stiffness from
the structure of the cled body is illustrated in Figure 3.1. The approach
is more straightforward for the dual rail sled because generally the sled
body separates itself naturally from the slipper beam. In the case of the
Single Mod sled, shown in Figure 3.la, the slipper stiffness is the force
which, when applied at the tie point between the sled body and slipper beam,
causes the sled center-line to deflect one inch, Based on this definition,
of slipper stiffness, the model used for calculating the sled body modes
will be constrained with pin restraints at the corners of the bulkhead.

Figure 3.1b shows the instrumented monorail as an example of
monorail sleds, In this case, the sled body was restrained at the points
shown, and the stiffness of the structure from those points to the point of
contact with the rail is calculated as the slipper stiffness. Since that
may depend on whether the sled is riding on the slipper lips or the slipper
hase, the user must consider the quasi-steady lift forces. The large 1ift
rorces produced at the high velocities of monorail sled: almost always cause
them to ride on the slipper lips.

Modal Representation in Simulation

In the simulation, the motion of sled is defined at any instant
as the rigid body motion plus the response of the vibration modes (see
Figure 3.2), Since the modes are defined with no deflection at the slip-
pers, the slipper springs, the slipper gaps, and the rail roughness affect
only the rigid body behavior, The vibration modes are excited by the rigid
body response through the mass coupling terms, The important fact is that
vwhether or not the slipper springs are in contact with the rail, the proper
modes of vibration are being used. This is demonstrated in Table II in a
comparison based on the Single Mod sled. The frequencies taken from SLEDYNE
were calculated using the mass matrix (which does not change) and the stiff-
ness matrix as it is, (a) when both slippers are in contat with the rail,

29




Single Mod Sled

- Sled Body

1 /___ Slipper Beam

\/ Pinned Restreints

Figure 3.1la. Restraints Applied to Dual Rail Sled
for Calculation of SLEDYNE Modes

Pt

N

Instrumented Monorail

s Sled Body

-%—— pinned Restraint

[

Figure 3.1b. Restraints Applied to Monorail Sled
for Calculation of SLEDYNE Modes

30

N 7




y—vF

e

Rigid
Translation

Rigid
Rotation
About c.g.

Vibration
Modes of
Pinned-Pinned
Sled Structure

- SIS S e —

Figure 3.2.

e e

Displacement Functions Used In
Nonlinear Dynamic Response
Simulation

31

L ————— g+ ——

{ ST )




— < i 4 M

L
Table II %
{
COMPARISON OF SIEDYNE MODAL REPRESENTATION "
4 WITH "EXACT" STARDYNE MODES (
; ?
STARDYNE SLEDYNE*
Modal Calculation Equations
Lﬁ ’ Pixed-Fixed 20.2 20.6 :
. (Slippers in Contact S 27.6 27.9 é
4 with Rail) )
56.2 55.4 -
125.1 124 .6
1945.% 102,00
{ Free-Free 0. .
(Slippers in Gap) 0. 0.
) 51.1 51.2
’ 121.7 122.9
r 186.2 169.4
Single Mod Natural Frequencies - cps

*Based on two rigid plus five pinned-pianed vi* ~ation mod.i.
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and (b) when both slippers are in the gap. For this comparison, the same
300 dof STARDYNE model which had been used to calculate the SLEDYNE modes
were first restrained at the slippers, and then left free. Five modes (plus
the two rigid body ones) were used in the SLEDYNE solution.

The method is seen to achieve a reasonable level of accuracy in
representing various constraint conditions while using only one set of vi-
bration modes. When considered that it is usually the lower modes of vibra-
tion trat contribute most to structural response, the sufficiency of the
method becomes even more convincing.

The importance of the structural vibration modes, especially for
monorail sleds, was illustrated by a series of SLEDYNE runs using the
Instrumented Monorail, Figure 3.3 shows how slipper loads ure overpredicted
when the sled body is rigid, i.e,, when there are no modes., Addition of the
structural modes permits some of the impect energy to go into deformation of
the sled body hence relieving the slipper loads., This is, of course, what
is happening on the track, Three percent damping is epperently a good esti-
mate based on the underprediction of a five percent case.

3.1.2 Description of SLEDYNE

In essence, SLEDYNE is a nonlinear dynamic response analysis
program which treats a very specialized problem --a test sled bouncing along
a rough rail while subjected to lift, drag and thrust forces. In practical
application, it is a design tool providing a means for estimating the iner-
tial loads to which a dual rail or monorail sled will be subjected by rail
roughness excitation, The load vectors which are computed are due to dynam-
ic response alone and must be superimposed on quasi-steady forces for analy-
sls of design conditions. Moreover, since thosc dynamic loads are due to
»ail roughness only, factors are input so that the dynamic effects of motor
transients and oscillating aerodynamics may be included. SLEDYNE's use in
the design/analysis process is described in Section 6.0. The user's manual
ls Appendix I.

The rall roughness model used in SLEDYNE is based on a set of

440 measurements made of rail height on a 400 foot section of the Holloman
test track. Mean height and slope were removed from these data (see Figure
3.4), and they were divided into ten segments such that the first and last
value of each segment is zero. In SLEDYNE, these segments are placed ran-
domly one after the other in order to generate a random rail of any required
length. On the CDC 6600, the random number generates the same sequence of
random numbers every time. This means that from the beginning of an execu-
tion, the came rail will slways be generated.

One somewhat ambiguous factor deserves special mention here,
The user specifies values of SZ and {4 which are the damping coefficients
(percent damping) in the bounce and p?tch equetions. It is not meaningful
to specify damping as a proportion of critical damping for these two modes
because they are coupled. SLEDYNE adds the bounce and pitch damping ef-
fects, and then distributes them to the slippers in proportion to the slip-
per stiffness. The damping force acts only when the slipper is in contact
the rail. The equations are presented and explained in Appendix II,
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341e3 Comparison of Analytical end Test Results

Dual Rail Sleds

Since the SLEDYNE simulation contains the rail roughness as the
sole source of excitation, it would be expected that correlation between its
results and flight test data would hold only for coast. As explained in
Section 2.1, engine transients and oscillating aerodynamics cause amplified
dynamic response levels., Time history data were available only for the Gnu
(6208) sled, and the Single Mod. Peak response levels for those two sleds
versus SIMP are shown in Figure 3.5. The measured slipper forces have been
doubled and are called slipper beam forces in the figure. Also plotted in
the figure are peak responses observed in the two-second runs made with the
SLEDYNE simulation. For both sleds, SLEDYNE underpredicts the response in
the forward slipper beam and overpredicts that in the aft slipper beam,
This discrepancy cannot currently be explained.

During the development of SLEDYNE several studies were made
which led to the following conclusions:

e Dual rail sled response to rail roughness is not sensitive
to velocity. - Runs were made at velocities ranging from
between 1,000 and 2,000 fps, and there was no significant
variation in p<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>